During mouse development, the gonad begins to form shortly before 10.5 days postcoitum (dpc) on the ventromedial side of the mesonephros. The XY gonad consists of germ cells and somatic cells. The origin of the germ cells is clearly established; however, the origin of the somatic cells, especially the epithelial supporting cell lineages, called Sertoli cells, is still unclear. Sertoli cells are the first somatic cell type to differentiate in the testis and are thought to express Sry, the male sex-determining gene, and to play a crucial role in directing testis development. Previous data have suggested that the somatic cells of the gonad may arise from the mesonephric tubules, the mesonephric mesenchyme, or the coelomic epithelium. Immunohistochemical staining of the gonad at 11.5 dpc showed that the basement membrane barrier under the coelomic epithelium is discontinuous, suggesting that cells in the coelomic epithelium at this stage might move inward. To test this possibility directly, cells of the coelomic epithelium were labeled using the fluorescent lipophilic dye, DiI. We show that when labeled at tail somite 15-17 stages, corresponding to 11.2-11.4 dpc, the coelomic epithelial cells of both sexes migrated into the gonad. In XY gonads, the migrating coelomic epithelial cells became Sertoli cells, as well as interstitial cells. This ability of the coelomic epithelium to give rise to Sertoli cells was developmentally regulated. When labeled at tail somite 18 -20 stages, corresponding to 11.5-11.7 dpc, the coelomic epithelial cells no longer became Sertoli cells. Instead, cells that migrated into the gonad stayed outside testis cords, in the interstitium. Migration gradually decreased and ceased by tail somite 30 stage, corresponding to 12.5 dpc, after testis cords had formed and the basement membrane layer underlying the coelomic epithelium had thickened to form the tunica albuginea. In XX gonads, coelomic epithelial cells also migrated into the gonad, but there was no obvious fate restriction during the same developmental period. Taken together, our data show that the coelomic epithelium is a source of Sertoli cells as well as other somatic cells of the gonad in the developing mouse testis.
INTRODUCTION
In the mouse, gonads begin to form at approximately 10.5 days postcoitum (dpc) as paired structures on the ventromedial sides of the mesonephroi, which lie on either side of the gut mesentery. The gonad consists of germ cells and somatic cells. The origin of the germ cells in the mouse gonad is clearly established; the germ cells migrate from the base of the allantois via the gut mesentery and populate the gonad between 10.5 and 11.5 dpc (Ginsburg et al., 1990; Gomperts et al., 1994) . The somatic cells of the testis include peritubular myoid cells, endothelial cells, Leydig cells, and Sertoli cells. Peritubular myoid cells and endothelial cells have been shown to arise from the mesonephros (Buehr et al., 1992; Merchant-Larios et al., 1993; Martineau et al., 1997) . The origins of Leydig and Sertoli cells remain unclear.
Sertoli cells play a central role in sex determination. Results with XX7XY chimeras have indicated that Sertoli cells are the only cell type of the testis required to have a Y chromosome for normal testis development (Palmer and Burgoyne, 1991a) . They express Sry, the male sexdetermining gene, and are thought to control male development by influencing the differentiation of other cell types in the XY gonad (Lovell-Badge, 1993; Koopman, 1995; Swain et al., 1998) . XY and XX gonads are morphologically indistinguishable until testis cords form in the male at approximately 12.5 dpc, about 48 h after Sry expression begins. Sertoli cells epithelialize and enclose the germ cells and are in turn enclosed by peritubular myoid cells (shown diagramatically in Fig. 2B ). To understand how Sertoli cells might interact with the other cell types of the gonad to direct testis development, it is important to understand how and where they arise.
Previously, Sertoli cells have been proposed to arise from the mesonephros, the coelomic epithelium, or both (Byskov, 1986) . Sertoli cells are thought to be present in the gonad itself by 11.5 dpc, since Mü llerian Inhibiting Substance (MIS), a Sertoli cell-specific product, could be detected in the medium when 11.5-dpc gonads were cultured separate from the mesonephros (Merchant-Larios et al., 1993) .
The mesonephros is a mesenchymal tissue derived from the intermediate mesoderm. It contains the epithelial mesonephric duct, which runs in a rostrocaudal direction, and mesonephric tubules, which branch from the duct and extend toward the gonadal primordium. Electron microscopy (EM) studies have revealed ultrastructural and staining similarities between Sertoli cells and mesonephric tubule cells at the mesonephric-gonadal junction (Upadhyay et al., 1979; Wartenberg, 1982; Zamboni and Upadhyay, 1982; Satoh, 1985) . Confocal imaging of 11.5-dpc gonads stained with an antibody against laminin-1 revealed that mesonephric tubule cells at these junctions lack intact basement membrane and epithelial structure (Karl and Capel, 1995) . Based on these micrographs, it has been suggested that the mesonephric tubule cells dedifferentiate from the epithelial structure at the mesonephric-gonadal junction, migrate into the gonad, and contribute to the Sertoli cell population (Upadhyay et al., 1979; Wartenberg, 1982; Zamboni and Upadhyay, 1982; Satoh, 1985) . However, there has been no conclusive evidence that this occurs.
In fact, two pieces of data argue against this possibility. First, it has been shown that Sertoli cells do not originate from the mesonephros after 11.5 dpc, the earliest time at which tissue recombination experiments can be done to test this possibility. Using a lacZ transgenic mesonephros (ROSA26) (Friedrich and Soriano, 1991) abutted to a wildtype gonad, it has been shown that migration from the mesonephros to the male gonad occurs between 11.5 and 16.5 dpc; however, the cell types that migrated into the gonad during these stages were myoid, endothelial, or endothelial-associated cells, but never Sertoli cells (Martineau et al., 1997) . Therefore, if Sertoli cells do arise from the mesonephros, these experiments suggest that it must occur before 11.5 dpc. Second, in Pax2 null mutants, mesonephric tubules never develop into mature tubules or make contact with the cells of the gonadal primordium; yet, testis organogenesis proceeds normally, with all representative cells present, including Sertoli cells (Torres et al., 1995; J. Karl and B. Capel, unpublished data) . While these data do not conclusively eliminate the mesonephros as a possible source, we have focused on the alternative source for Sertoli cells, the coelomic epithelium.
The coelomic epithelium has also been implicated as a source of Sertoli cells based on EM studies showing ultrastructural similarities (Pelliniemi, 1975 (Pelliniemi, , 1976 Capel and Lovell-Badge, 1993) . The coelomic epithelium is a single layer of cells which covers the entire coelomic cavity including the gonadal primordium. In chick, India inklabeled coelomic epithelial cells were shown to migrate into the gonad after culture (Rodemer-Lenz, 1989) . In rat, it has been shown that basement membrane components collagen I and III are fragmented beneath the coelomic epithelium at the onset of gonadogenesis (Paranko, 1987) . This breakdown of the extracellular matrix, which histologically resembles the mechanism of tumor invasion (Liotta et al., 1980 (Liotta et al., , 1984 , has been considered to indicate that the coelomic epithelial cells leave the surface epithelium and contribute to the somatic population of the developing gonad (Paranko, 1987) .
In this study, we have addressed the possibility that coelomic epithelial cells contribute to the interior somatic population of the mouse gonad. We show that the basement membrane underneath the coelomic epithelium is fragmented in the developing gonadal portion, in contrast to the basement membrane underlying the mesonephros, which is intact. These observations as well as previous studies of the coelomic epithelium led us to test the hypothesis that the coelomic epithelium has an important role during gonadogenesis.
By directly labeling cells of the coelomic epithelium with a fluorescent lipophilic dye, DiI, we followed the fate of the coelomic epithelial cells between tail somite 15 and 30 stages, corresponding to 11.2-12.5 dpc. Coelomic epithelial cells labeled at tail somite 15-17 stages moved to the interior of the gonad and became Sertoli cells, as well as other lineages. This ability of the coelomic epithelium to give rise to multiple lineages was developmentally regulated. After tail somite 18 stage, labeled coelomic epithelial cells no longer became Sertoli cells, but were always found outside testis cords. Movement to the interior of the gonad gradually decreased and ended as the tunica albuginea began to form in the XY gonad, around 12.5 dpc. In XX gonads during the same period, movement of the coelomic epithelial cells into the gonad was also observed, but there was no obvious fate restriction. Together, our data show that the coelomic epithelium is a dynamic cell population actively involved in morphogenesis of the mouse gonad.
MATERIALS AND METHODS

Dissection, Staging, and Culture of Embryonic Gonads
CD1 random-bred mouse strains were used in this study (Charles River). For timed matings, pairs were set up at ϳ5:00 PM and vaginal plugs were checked the following morning. Noon on the day of the plug was counted as 0.5 dpc. For studies requiring more accurate staging, tail somites were counted starting with the first somite posterior to the junction of the hindlimb. Using this procedure, 11.5-dpc gonads correspond to about 18 tail somites (Hacker et al., 1995) . In order to obtain gonads with tail somite stages from 15 to 17, mice were sacrificed at 7:00 AM on the 11th day. For tail somite 18 -20 and 28 -30 stages, the mice were sacrificed at noon on the 11th day and 12th day, respectively. In order to determine the sex of the gonad before testis cords are apparent, amnions were collected from individual embryos and stained for Barr bodies as previously described (Palmer and Burgoyne, 1991b) . The gonads were dissected from the embryos in Ca 2ϩ , Mg 2ϩ -free phosphate-buffered saline (PBS; Gibco) and placed in culture media (15% fetal calf serum (Hyclone) in high-glucose Dulbecco's modified Eagle's media (DMEM; Gibco), 50 g/ml ampicillin) at 37°C in 5% CO 2 until ready to use.
Labeled gonads were cultured for 30 -48 h using methods previously described (Martineau et al., 1997) . Briefly, the gonads were placed in narrow grooves cast in agar blocks (1.5% agar in DMEM). Agar blocks were cultured in 35 ϫ 10-mm culture dishes with 400 l of culture media at 37°C with 5% CO 2 . This allowed for maximum contact with air while maintaining media access through surface tension.
DiI Labeling
For all experiments, Cell Tracker CM-DiI (chloromethylbenzamido-1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine perchlorate), a chemically modified form of DiI, was used (Molecular Probes). CM-DiI, like DiI, incorporates into the bilayer membrane upon contact with the cell (Honig and Hume, 1986) . CM-DiI has a mildly thiol-reactive chloromethyl substituent that confers aldehyde fixability via conjugation to thiol-containing peptides and proteins. Hence, CM-DiI is better retained in cells throughout fixation, permeabilization, embedding, and washing procedures.
For single-cell labeling, dissected gonads were placed in an injection chamber mounted on a Leica inverted microscope equipped with epifluorescence and labeled with CM-DiI ionophoretically using a 9-V battery-driven current generator (Kiehart, 1981 (Kiehart, , 1982 . Briefly, the slide size Plexiglas chamber has a U-shaped opening on one side, where the electrode enters horizontally, thus remaining in focus at all times. Two coverglass slips were secured on each side of the chamber over the U-shaped opening using vacuum grease. On one side of the coverglass, a small glass spacer fragment was attached, separated by three pieces of double-stick tape, creating enough space for the gonad to be positioned for labeling. CM-DiI was dissolved in either 100% ethanol (EtOH) or dimethylformamide and backloaded into the electrode. Electrodes were pulled from borosilicate glass capillaries (World Precision Instruments) using a Sutter Instrument Flaming/Brown Micropipette Puller (Model P93). The average resistance of the electrodes was 8 -12 M⍀. The use of the current generator has been previously described (Birgbauer and Fraser, 1994) . Briefly, the current generator was powered by a 9-V battery through a 250-M⍀ resistor. The electrode was held by an electrode holder with silver wire (World Precision Instruments), which was then maneuvered using a micromanipulator (Leitz). When the electrode was positioned to touch a single cell of the coelomic epithelium, the current generator was pulsed for 2-5 s until a single cell was positive for CM-DiI, monitored fluorescently. Except for cases noted in results, gonads that had two or more cells labeled were discarded from further analysis.
For labeling a small group of cells at the coelomic epithelium, electrodes were pulled as described above and then broken at the tips by touching lightly with a forcep as previously described (Selleck and Stern, 1991) . DiI was dissolved in 100% EtOH and backloaded into the electrode. Gonads were positioned on top of an agar block in a minimum amount of media to prevent drying and a small bolus of DiI was mouth pipetted to label ϳ20 cells at the coelomic surface. Labeled gonads were extensively rinsed in PBS and cultured as described above.
Whole-Mount Immunohistochemistry of DiILabeled Gonads and Confocal Imaging
After culture, gonads were fixed in 4% paraformaldehyde in 0.1 M sodium phosphate buffer (PB; pH 7.4) overnight and double labeled as previously described (Whitlock and Westerfield, 1998) . Briefly, samples were taken out of fix the following day, rinsed in PB, and blocked and permeabilized in 10% goat serum with 0.05% saponin in PB for 2-3 h at room temperature. Primary antibody was added to the blocking buffer and samples were incubated on a rocker overnight at 4°C. Polyclonal antibodies against laminin-1 were kindly provided by H. P. Erickson and used at 1:100 (LeMosy et al., 1996) . Polyclonal antibodies against Wilms tumor (WT1) (Santa Cruz Biotechnologies) were used at 1:50. After primary incubation, the gonads were rinsed five times, 1 h each in washing buffer (1% goat serum, 0.05% saponin, PB). The gonads were incubated overnight at 4°C with secondary antibody conjugated with FITC (Santa Cruz Biotechnologies) in blocking buffer at 1:200, washed as above, and mounted with DABCO (Kodak) on florist clay-supported glass slides for imaging (Karl and Capel, 1995) . Images were collected with a 40ϫ oil lens objective using a Zeiss confocal microscope (Zeiss LSM 410).
Cryosection and Immunohistochemistry
In some cases, DiI-labeled gonads were cryosectioned and double labeled with ␣-MIS (a kind gift from Dr. P. K. Donahoe) or ␣-laminin 1. Briefly, DiI-labeled and cultured gonads were fixed in 4% paraformaldehyde in PB for 2 h for staining with ␣-MIS or overnight for staining with ␣-laminin 1. The gonads were then rinsed in PB, washed through a sucrose gradient (10, 15, 20% in PB) , and incubated in 20% PB:OCT (1:1) overnight at 4°C. The gonads were then embedded in 20% sucrose:OCT (1:3), frozen on dry ice, and sectioned at 12 mm with a cryostat (Leica 1800). Slides were dried at 37°C and blocked for 15 min in 10% goat serum, 0.1% saponin in PB. After blocking, sections were incubated with primary antibody at room temperature for 1 h and washed with 1% goat serum, 0.1% saponin in PB for 10 min three times. Secondary antibody conjugated to FITC was added and incubated for 1 h at room temperature. The sections were washed as above and mounted with DABCO. Images were collected using a Zeiss confocal microscope (see above).
Gonads that were not labeled with DiI or cultured were processed as above except that PBS instead of PB was used. Sections were dried at 37°C and blocked for 30 min in 10% goat serum, 0.1% Triton X-100 (TX-100) in PBS. After blocking, the sections were incubated with primary antibody overnight at 4°C. The following day, the sections were washed three times 10 min each with 1% goat serum, 0.1% TX-100 in PBS. Secondary antibody conjugated to FITC was added and incubated for 1 h at room temperature. Images were collected using a Zeiss confocal microscope (see above).
RESULTS
Transient Lability of the Coelomic Epithelium at 11.5 dpc
Previous studies had suggested that the coelomic epithleium might be labile at early stages of gonadogenesis (Capel and Lovell-Badge, 1993) . If the coelomic epithelium were contributing cells to the interior somatic population of the developing gonad, the basement membrane layer under the coelomic epithelium might be compromised, since cells delaminating from an epithelial sheet break the basement membrane barrier in order to move (Liotta et al., 1980 (Liotta et al., , 1984 . To investigate the integrity of the basement membrane of the coelomic epithelium, 11.5-dpc gonads were labeled using antibodies to prominent basement membrane components, laminin-1 (Figs. 1A and 1B) and collagen IV (Fig. 1C) . These patterns reveal that the basement membrane layer underneath the coelomic epithelium of the gonad is present, but is discontinuous (Figs. 1A, 1B , and 1C, arrows). In contrast, it is continuous under the coelomic epithelium of the mesonephros (Fig. 1C, arrowheads) . This pattern has been reported in the rat for membrane components collagen I and collagen III (Paranko, 1987) . The period of time during which this basement membrane shows histological lability is clearly limited in the XY gonad. By 12.5 dpc, when testis cords form in the male ( Fig. 2A,  arrows) , the laminin-1 layer under the coelomic epithelium of the gonad as well as the mesonephros is thick and continuous ( Fig. 2A, arrowheads) .
These immunohistological staining patterns of 11.5-and 12.5-dpc gonads show that the coelomic epithelium is histologically labile transiently at the onset of gonadogenesis.
Coelomic Epithelial Cells Can Become Sertoli Cells at Tail Somite 15-17 Stage
To determine whether coelomic epithelial cells migrate into the gonad and contribute to somatic populations, cells were labeled with CM-DiI at different developmental stages and further analyzed after 30 h in culture by double labeling with antibodies against laminin-1, to delineate the testis cords (see Materials and Methods). For these studies, cells were labeled ionophoretically using a sharp electrode in order to ensure that only a controlled number of coelomic epithelial cells were labeled. The developmental stages of the gonad were carefully recorded by counting the tail somites of each embryo, the first somite starting behind the hindlimb as previously reported (Hacker et al., 1995) . An accurate account of the earliest developmental stages of gonad viability in organ culture has not been reported previously. Our data show that gonads as early as tail somite 15 stage can be successfully cultured under our conditions for ϳ48 h at Ͼ60% viability (Table 1) . This stage corresponds to ϳ11.2 dpc. XY gonads dissected at this and
FIG. 1.
Histological lability of the gonadal primordium at 10.5 and 11.5 dpc. Confocal image of 11.5-dpc genital ridge labeled with laminin-1 (A and B) and collagen IV (C). Basement membrane components, laminin-1 and collagen IV, are discontinuously distributed along the basal side of the coelomic epithelium (arrows), whereas the basement membrane components are thick and continuous under the mesonephros (arrowheads). Laminin-1 is also deposited on the basal side of the mesonephric tubules. G, gonad; MT, mesonephric tubules. Bars, (A) 100 m; (B, C) 50 m.
subsequent stages form testis cords after culture, a characteristic of normal developmental progression.
A small number of cells, typically 2-4, were labeled at tail somite 15-17 stages (Fig. 3A) , cultured for 30 h, cryosectioned, and double labeled with antibodies against laminin-1. CM-DiI-positive cells that had migrated into the gonad could be found inside testis cords, as delineated by laminin-1 staining (Fig. 3B, arrows) . There are two cell types present inside the basal lamina of testis cords: Sertoli cells and germ cells (see Fig. 2B for schematic representation).
Germ cells are large, round, and centrally located, enclosed by Sertoli cells, which are polarized, elongated, and attached to the basement membrane (Skinner et al., 1985; Tung and Fritz, 1987) . CM-DiI-positive cells found inside testis cords were always elongated in shape and abutted to the basement membrane of the testis cords in morphological locations characteristic of Sertoli cells. CM-DiI-positive cells could also be found outside testis cords, in the interstitium (Fig. 3B, arrowhead) . The interstitial space of the male gonad consists of endothelial cells which comprise the vasculature, Leydig cells which secrete steroids, and other connective tissue lineages that are not well defined. CMDiI-positive cells in the interstitium were not identifiable in shape and did not double label with PECAM, an endothelial cell marker, or SF-1, a Leydig cell marker (data not shown).
To unequivocally identify the CM-DiI-positive cells found inside testis cords, a small group of cells were labeled at the coelomic epithelium, cultured for 48 h, and double labeled with antibodies against MIS, a Sertoli cell-specific marker (a kind gift from Dr. P. K. Donahoe). MIS is a late marker of Sertoli cells for our purposes. Expression of Mis begins as early as 11.5 dpc by RNase protection experiments (Hacker et al., 1995) , but detection of MIS with antibodies is not clear before 13.0 dpc. Consequently, the culture time was extended from 30 to 48 h, in order for MIS expression to be fully manifested. DiI-positive cells inside testis cords are positive for MIS expression, providing definitive proof that Of the total number of single-cell-labeled gonads that survived, only a subset that showed clear fluorescence after the whole-mount immunohistochemistry procedure was recovered. These were analyzed for Sertoli and/or interstitial fate. these cells are Sertoli cells that arise from the coelomic epithelium (Fig. 3C, arrows) .
To determine whether different coelomic epithelial cells have different fates, or a single coelomic epithelial cell can give rise to Sertoli as well as interstitial cells, single cells of the coelomic epithelium were labeled with CM-DiI. To ensure that only a single cell was labeled, a fluorescent image of the labeled cell was recorded in a low-level bright-field background immediately after labeling (Fig.  4A ). This provided definition of the cell boundaries of the labeled cell and its location within the coelomic epithelium. Any gonad with more than one labeled cell was discarded.
To verify that there was no transfer of the CM-DiI to neighboring cells, Ͼ20 gonads were fixed and examined 1-8 h after injection. Typically, after ϳ1 h, a single injected cell could be found still at the coelomic epithelium. By ϳ8 h, two DiI-positive cells could be found, either at the coelomic epithelium or a short distance into the gonad, presumed to be mitotic products (data not shown). Therefore, we conclude that DiI is a reliable lineage marker for short-term single-cell tracing experiments.
To determine whether the whole gonad including the DiI-labeled cells survived the labeling procedure, Ͼ20 gonads were ionophoretically labeled and stained with a vital dye, FDA (fluorescein diacetate), which transiently stains the cytoplasm of live cells. This process was repeated for the same gonads six times over a period of 30 h. The survival rate of DiI-labeled gonads was Ͼ60% (Table 1) . DiI-positive cells within the context of a healthy-looking gonad were alive. In cases in which gonads were damaged during the ionophoretic labeling procedure due to excessive heating, many cells, including the DiI-positive cells, were dead. Necrotic tissue was recognizable microscopically as dark patches of cells within the gonad. All necrotic gonads were discarded from further analysis.
A gonad in which a single cell was labeled also showed DiI-positive cells inside testis cords (Fig. 4B, arrows ; Table  1 ). Interestingly, CM-DiI-positive cells outside testis cords could also be found (Fig. 4B, arrowhead ; Table 1 ). In all cases CM-DiI-positive cells inside the cords could be found to abut the basement membrane. An emboss-filtered image using Photoshop (Adobe, Inc.) overlaid with the fluorescent image aids in the visualization of the cells. Boundaries of cells and testis cords are outlined (Fig. 4C) . The punctate staining (Fig. 4B, arrows) is due to membrane recycling and partial loss of CM-DiI during detergent wash steps of the immunohistochemical staining protocol.
Taken together, these data show that at tail somite 15-17 stages, the coelomic epithelium plays a dynamic role, contributing cells to the somatic cell population, including Sertoli cells of the gonad. Furthermore, a single cell from the coelomic epithelium can divide and give rise to multiple lineages, Sertoli as well as interstitial cells.
The Fate of the Coelomic Epithelial Cells to Become Sertoli Cells Is Developmentally Restricted after Tail Somite 18 Stage
To study whether the contribution of coelomic epithelial cells to the Sertoli cell population was developmentally regulated, gonads at later stages were labeled with DiI and analyzed as above. Cells labeled at tail somite 18 -20 stages (11.5-11.7 dpc) also migrated into the gonad. In contrast to data from earlier stages, double labeling with antibodies against laminin showed that labeled cells were not found inside testis cords, but always in the interstitial region ( Fig.  5 ; Table 1 ). DiI-positive cells never abutted laminin on the outside of testis cords, indicating they were not peritubular myoid cells. As in earlier stage gonads, cells outside testis cords were negative for the lineage markers SF-1 and PECAM, indicating that they are not recognizable as Leydig or endothelial cells. However, we cannot rule out the possibility that DiI-positive cells in the interstitium represent precursors of one of these lineages, not yet expressing a lineage marker. Alternatively, they belong to another uncharacterized lineage(s) (see Discussion).
Migration from the Coelomic Epithelium Stops as the Tunica Albuginea Begins to Develop
To determine whether the migration of coelomic epithelial cells into the gonad is developmentally regulated, we labeled coelomic epithelial cells at tail somite 25-30 stages. The testis cords are well developed by this stage and the tunica albuginea is beginning to differentiate from the coelomic epithelium. The tunica albuginea is a tough capsule that covers the entire testis. The basement membrane layer typically thickens ( Fig. 2A, arrowheads) under several layers of coelomic epithelial cells. Cells labeled at this stage maintained their location at the coelomic epithelium after 30 h of culture and did not migrate into the gonad (data not shown, Table 1 ).
Coelomic Epithelial Cell Migration into XX Gonads Is Developmentally Regulated, but the Fate Is Not Restricted during the Same Stages
In order to study the developmental pattern of the coelomic epithelial cell contribution to the XX gonad, different stages of the gonad were labeled and analyzed as above. Coelomic epithelial cells migrated into the XX gonad at the same stages observed in XY gonads, i.e., tail somite 15-20 stages, and gradually ceased by tail somite 30, as in the XY gonads.
XX gonads do not show any distinguishable morphological structure during these stages; they begin to develop follicles several days later. Since there is no structural organization to help define lineages, laminin-1 staining is not informative and a specific cell marker is required to distinguish the cell types. WT1 is a transcription factor expressed by granulosa cells of the adult ovary, the supporting cell type equivalent to Sertoli cells in testis (Mundlos et al., 1993) . It has not been conclusively shown that WT1 is a pregranulosa cell marker during embryonic stages, before follicles form. At tail somite 15-30 stages, WT1 stains the coelomic epithelium as well as cells inside the gonad (Pelletier et al., 1991 , and our own unpublished data) (Figs. 6A and 6B, arrows) . Although WT1 has not been shown to specifically label pregranulosa cells, it is possible to show whether progeny of a single DiI-labeled coelomic epithelial cell can follow different developmental pathways, insofar as they acquire different transcriptional programs.
Coelomic epithelial cells in XX gonads, labeled with DiI and cultured at tail somite 15-17 stages, gave rise to progeny that were both WT1 positive and WT1 negative (Figs. 6A and 6B, arrow and arrowhead) . Interestingly, coelomic epithelial cells labeled at tail somite 18 -20 stages also gave rise to WT1-positive as well as negative cells (data not shown). We conclude that coelomic epithelial cells of XX gonads during this period do not undergo obvious fate restriction as in XY gonads.
DISCUSSION
The origin of Sertoli cells in the XY gonad has been a long-standing question in gonadogenesis. This question has taken on further significance as we have come to understand that the pre-Sertoli cell is the only cell type required to express Sry (Palmer and Burgoyne, 1991a; Swain et al., 1998) and must, therefore, serve as an organizing center for bifurcation of the gonadal developmental pathway toward testis development. Previous studies indicating the coelomic epithelium as a source for Sertoli cells have led us to test this hypothesis directly using DiI as a short-term lineage marker. By culturing gonads labeled with DiI, and double labeling with markers that illuminate testis structure (laminin-1), or identify Sertoli cells (MIS), we show that coelomic epithelial cells give rise to Sertoli cells at a very early time in gonadogenesis.
Labeling cultured gonads with antibodies against laminin-1 delineates testis cords and reveals early testis morphology. For the majority of the experiments in this study, laminin-1 was the most informative marker. We took advantage of the fact that epithelialized Sertoli cells and germ cells, the only two cell types inside the basal lamina of the testis cord, have distinct morphological differences. Germ cells are larger in size, round, and centrally located. Sertoli cells, undergoing polarization at this time, are elongated and abutted to the basement membrane. DiI-positive cells inside the testis cords could be identified as Sertoli cells on the basis of their cell shape (cuboidal or columnar) and their location (abutting the basement membrane). Antibodies against MIS, a Sertoli cell-specific marker, were used to confirm the identity of DiI-positive Sertoli cells. We show unequivocally that between tail somite 15 and 17 stages, coelomic epithelial cells migrate into the gonad and become Sertoli cells.
The earliest time at which we were able to succesfully dissect and culture gonads was at tail somite 15 stage. This is about 18 h after the onset of gonadogenesis, which begins shortly before 10.5 dpc, tail somite 8 stage. We were able to show that between tail somite 15 and 17 stages, coelomic epithelial cells could become Sertoli cells. It seems likely that this contribution begins earlier, if not at the onset of gonadogenesis.
In fact, proliferation studies from our lab show that this is indeed the case. When bromodeoxyuridine (BrdU) is used to label dividing cells between 10.5 and 11.5 dpc, most labeled cells are in the coelomic epithelium. If samples are pulsed with BrdU between 10.5 and early 11.5 dpc, then chased with cold thymidine for 24 to 48 h, the majority of the labeled BrdU-positive cells are found in characteristic Sertoli cell positions inside the testis cords (Schmahl and Capel, in preparation) . In contrast, if the same is done with 11.5-dpc embryos, BrdU-positive cells are always found in the interstitium and very rarely inside the cords. These data, suggesting that the proliferating coelomic epithelial cells are an early source of Sertoli cells, are in accord with the present results obtained by lineage tracing single cells of the coelomic epithelium with DiI.
After initial labeling of a single cell, we typically observed four to eight DiI-positive cells after 24 h of culture. Our controls indicate that this is not the result of dye transfer, but of cell division. In tissue immediately after labeling, DiI was localized to the plasma membrane (Figs. 3A and 5A). After culture and double labeling, fluorescence of the plasma membrane was still present, but punctate fluorescence due to endocytosis was apparent (Fig. 5B) . We attribute this to the rapid proliferation and membrane recycling of the labeled cells, as well as partial loss during detergent washes.
At present, the cells outside the testis cords have not been identified and may represent more than one cell type. They are negative for PECAM, an endothelial cell marker, and SF1, a Leydig cell marker (data not shown). Although these cells are negative for the cell markers we tested, we cannot rule out the possibility that they are precursors not yet expressing the lineage-specific markers. The fact that a single coelomic epithelial cell can give rise to more than one cell type suggests that asymmetric division of molecular determinants or linear signaling might occur between daughter cells. An additional possibility is that contact with another cell type in the gonad induces pre-Sertoli cells to polarize and become incorporated inside testis cords. Pre-Sertoli cells that do not make contact with an appropriate inducing cell might be redirected to another fate or lost through apoptosis. We are currently investigating these possibilities.
After tail somite 18 stage, coelomic epithelial cells do not become Sertoli cells, but are found only in the interstitium outside testis cords. The developmental restriction of the fate of coelomic epithelial cells to become Sertoli cells may be a result of changes in a signaling event over time. It is also possible that cells remaining in the interstitium may have had the potential to become Sertoli cells but were excluded from the cords by the developing basement membrane. This seems less likely since no sign of a basal lamina around testis cords is visible by extracellular matrix staining with antibodies against laminin or other ECM components for 12-24 h after the tail somite 18 stage.
The coelomic epithelial cells of the female also migrate into the gonad between tail somite 15 and 19 stages. Laminin staining of female gonads is not informative because there is no morphologically distinguishable structure until later in development, around 16.5 dpc. Consequently, antibodies against WT1, a transcription factor thought to be present in the supporting lineages of the gonad, were used to show that a single coelomic epithelial cell could give rise to both WT1-positive and WT1-negative cells. These data suggest that the coelomic epithelium at tail somite 15-17 stage can give rise to the supporting cell lineages in both male and female. After tail somite 17 stage, further differentiation of the male gonad restricts the developmental fate of the coelomic epithelial cells, whereas this differentiation progression does not occur in the female gonad at this time.
The time point at which coelomic epithelial cells end their contribution to the interior somatic population of the gonad coincides with the time when the tunica albuginea begins to form in the XY gonad, at which time the basement membrane layer under the coelomic epithelium becomes thick and continuous ( Fig. 2A) . The mechanical barrier imposed by the thick basement membrane layer may hinder the further movement of coelomic epithelial cells into the XY gonad. We cannot yet explain why coelomic epithelial cells in the XX gonad (where no tunica albuginea is apparent) also cease migration.
This study documents the contribution of coelomic epithelium cells to the Sertoli cell population. However, it does not rule out the possibility that Sertoli cells derive from more than one region. A dual Sertoli cell system has been proposed (Wartenberg, 1978 (Wartenberg, , 1989 Wartenberg et al., 1991) , consisting of two types of Sertoli cells with different functions, one of which is to inhibit the germ cells in the male from undergoing meiosis. In the Drosophila testis, two types of supporting cells are present, one of which, the apical hub cell, is associated with maintenance of the stem cell population (for discussion, see Fuller, 1993) . These populations derive from two distinct regions in Drosophila (Boyle and DeNardo, 1995) . It remains possible that this is also the case in mammals.
The mesonephric tubules have been considered a possible source for Sertoli cells (Upadhyay et al., 1979; Wartenberg, 1982; Zamboni and Upadhyay, 1982; Satoh, 1985; Byskov, 1986) . We have previously shown that between 11.0 and 11.5 dpc, the mesonephric tubules in both sexes form elaborate branches from the mesonephric duct extending toward the gonad and tapering off at the junction between the gonad and the mesonephros. At these junctions, the tubule cells look elongated and appear continuous with the cells of the gonad, suggesting a contribution of the mesonephric tubule cells to the gonad (Karl and Capel, 1995) . These junctions have proved to be very difficult to label using the techniques we have employed here. Since cells at these junctions are internal to the gonad, they are difficult to focus clearly during the labeling procedure and require disruption of surrounding tissue as the electrode passes through. We conclude that an analysis of their possible contribution to the Sertoli population must await an internal marker.
